Winter is thought to be a critical period for many fish in the ocean, but their ecology during this time tends to be poorly understood. We quantified the feeding ecology of juvenile Chinook salmon (Oncorhynchus tshawytscha) off the west coast of Vancouver Island in British Columbia, Canada, in autumn and winter to determine how seasonality could affect diet. Using stomach contents and stable isotopes, we tested the hypothesis that the winter diet of juvenile Chinook salmon differs from that of the autumn diet. Stomach-content data showed a shift from a primary reliance on amphipods in autumn to euphausiids in winter. This finding was generally corroborated by the stable isotope analysis, although mixing models suggested a greater contribution of fish prey to the diet in both autumn and winter. Understanding the diet of fish during winter may provide useful information for management as a first step in understanding the factors influencing mortality across life stages.
Introduction
In temperate areas, seasonality can cause large differences in the diet of many organisms. In the ocean, winter tends to have low primary and secondary productivity due to lower temperatures and light levels (Parsons and Kessler, 1987; Polovina et al., 1995) . This temporal variability at lower trophic levels can cascade through foodwebs and affect the diet and survival of higher trophic levels (Pope et al., 1994; McMeans et al., 2015) . For example, winter may be a critical period (sensu Hjort, 1914) for survival of larval and juvenile fish, because many fish during winter rely on energy reserves that were built up during the growing season to maintain basic metabolic function (Hurst, 2007) . Winter mortality is often highest on the smallest individuals, because they are expected to deplete energy reserves and experience starvation faster than larger fish (Post and Evans, 1989) .
Juvenile Pacific salmon (Oncorhynchus spp.) are hypothesized to experience considerable mortality related to seasonality and size (Beamish and Mahnken, 2001 ). The first period of critical mortality is thought to occur soon after ocean entry and may be related to predation after salmon undergo the physiologically challenging process of smoltification. The second period of mortality is thought to occur during winter in individuals that were unable to attain a critical size prior to winter. This mortality has been hypothesized to be size-selective, with smaller fish depleting their energy reserves faster due to starvation (Beamish and Mahnken, 2001; Moss et al., 2005) , or smaller fish having to forage more actively due to their lower lipid reserves, exposing themselves to a higher degree of predation (Farley et al., 2011) . Due to the logistical difficulties of sampling juvenile salmon in winter, however, their ecology during this time is only now beginning to be understood.
While most stocks and species of salmon have migrated from nearshore coastal areas to the Gulf of Alaska by winter, juvenile Chinook salmon (Oncorhynchus tshawytscha) originating from the west coast of Vancouver Island (WCVI) tend to remain within a few hundred kilometres of their natal stream until at least their second year at sea (Trudel et al., 2009; Tucker et al., 2011 Tucker et al., , 2012 Tucker et al., , 2015 . This makes understanding their overwinter ecology more feasible than other stocks and species. These fish do, however, appear to undergo a vertical migration to deeper (Trudel and Tucker, 2013) . While the distribution is beginning to be understood, an understanding of the feeding ecology of juvenile Chinook salmon during winter in other regions has thus far been hampered by low sample sizes and a large number of empty stomachs (Davis et al., 2009) . Understanding the feeding ecology of juvenile Chinook salmon during winter is important as it is unclear whether smaller salmon may be able to, in some years, feed enough to survive low winter productivity.
To understand diet, researchers have typically used stomachcontent analysis, which shows relatively high taxonomic resolution over a short time period. Stable isotope analysis is being increasingly used in conjunction with stomach contents (e.g. Post, 2003) to provide a longer-term, integrated representation of diet (Fry, 2006) . Stable isotopes of nitrogen (d 15 N) generally enrich by 3.4% per trophic level, making them useful as a tracer of trophic level (Post, 2002 ; but see Hussey et al., 2014 (Cabana and Rasmussen, 1996; Vander Zanden and Rasmussen, 1999) . Stable isotopes of carbon (d 13 C) only enrich by ca. 0.4% per trophic level (Post, 2002; McCutchan et al., 2003) . Thus, they are more useful as a tracer of basal resource production, such as benthic vs. pelagic diet source (Davenport and Bax, 2002) or onshore vs. offshore production (Perry et al., 1999; Miller et al., 2008; Kline, 2010) .
Here, we describe the overwinter diet of juvenile Chinook salmon using stomach contents and stable isotopes of nitrogen (d 15 N) and carbon (d 13 C). We test the hypothesis that juvenile Chinook salmon in winter will be more piscivorous than in autumn. Two different mechanisms could generate this pattern. First, overwinter mortality is hypothesized to be size-selective, whereby larger fish survive at a higher rate than smaller fish (Beamish and Mahnken, 2001 ). Since larger Chinook salmon are more piscivorous than smaller Chinook salmon (Brodeur, 1991; , the surviving remnant of the population may be more piscivorous due to this sampling effect. Alternatively, in a strongly seasonal environment, the amplitude of the changes in abundance decreases with trophic level, with higher amplitude in phytoplankton, intermediate for zooplankton, and less for fish (e.g. Pope et al., 1994) . Hence, for a higher-trophic-level species, we might see a shift to piscivory, due to changes in relative abundance of different prey items. We conclude by comparing the data from stable isotopes to data derived from stomach contents to determine how these two different dietary metrics may offer complimentary information.
Methods

Sample collection
Sample collection is fully outlined in Morris et al. (2007a, b) . In brief, juvenile Chinook salmon were collected via rope trawl in autumn 2005 (October-November; fork length 135-225 mm) and winter 2006 (February-March; fork length 173-250 mm) off the WCVI. Once on board, fish were identified, weighed (g), and measured (fork length; cm). Juvenile Chinook salmon were genetically stock-identified following Beacham et al. (2006) , and only samples with >80% probability of originating from a WCVI stock were retained for this analysis. A piece of dorsal muscle tissue was removed from each fish and was frozen on board for later analysis.
Prey items were sampled concurrently with juvenile Chinook salmon for use in a stable-isotope-mixing model, though prey items were not collected at every station (Figure 1 ). Bulk zooplankton were collected via a vertical Bongo tow to 150 m, or within 10 m of the seabed, using 236-lm black mesh. Samples were size-fractionated onboard the research vessel using sieves, and the smallest size fraction (0.25-1.0 mm) was used since there was the greatest spatial coverage of this fraction (El-Sabaawi et al., 2012) . Euphausiids and forage fish (Pacific herring: Clupea pallasii) were also collected for isotope analysis due to their presence in the stomach contents of juvenile Chinook salmon. These were taken from the rope trawls used to catch juvenile Chinook salmon when available. Since no euphausiids were sampled in autumn 2005, we used a large zooplankton size-fraction (1.0-1.7 mm) as a proxy for euphausiids in the mixing model instead. 
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Stomach content analysis
The previously-frozen stomach contents of juvenile Chinook salmon were removed in the laboratory and pooled by tow to prevent individual tows with larger catches overwhelming any particular category. A dissecting microscope was used to identify prey items to the lowest taxonomic resolution, and prey species were pooled into eight broad taxonomic categories: fish, decapods, euphausiids, hyperiids, pteropods, copepods, insects, and other (polychaetes, cephalopods, cirripede larvae, mysids, isopods, and echinoderms). The percent contribution by volume of each prey item to the overall diet of juvenile Chinook salmon was expressed as the average volume per fish within a tow. Unidentifiable material was assumed to be proportional to the material that was identifiable in the stomach. We used an ANOSIM to test for seasonal differences in stomach contents by means of the R vegan package (Oksanen et al., 2014) . This analysis was based on a Bray-Curtis matrix of haul-averaged diet compositions. Following the ANOSIM, we used an indicator species analysis to determine which species contribute significantly to seasonal differences (Dufrêne and Legendre, 1997) . The indicator species analysis was performed using the R package indicspecies (De Caceres and Jansen, 2015) . Linear correlations were also performed to assess the relationships between fish size and the percentage of fish in the stomach contents in autumn and winter. Finally, the percentage of empty stomachs was compared between autumn and winter sampling. To do so, we divided the stomach content weight of each fish by the fish weight and then multiplied by 100 to derive an index of gut fullness. We used 0.25% as a cut-off to operationally define empty stomachs.
Stable isotope analysis
Of the 740 total juvenile Chinook salmon captured in autumn and the 304 captured in winter, we analysed 40 in autumn and 26 in winter for stable isotopes. These fish were chosen to span the entire size range of sampling season and represent a similar stock composition in autumn and winter (Table 1) . A sample of dorsal muscle tissue from each individual juvenile Chinook salmon was freeze-dried and then ground to a fine powder using a heavy-duty Wig-L-Bug grinder. Prey items were prepared similarly, though homogenized samples of bulk zooplankton and euphausiids were used instead of dorsal muscle tissue. Samples were packed into tin capsules and run on a Thermo Delta IV Isotope Ratio Mass Spectrometer (University of Victoria, Victoria, BC, Canada) for determination of stable isotope ratios. Stable isotope ratios are expressed in the delta notation: 
where d 13 C normalized is the lipid-corrected d 
Statistical analysis
To determine the resource use of juvenile Chinook salmon from stable isotopes and to compare how well it matched up with the stomach-content data, we used stable isotope analysis in R (SIAR; Parnell et al., 2010) . SIAR is a Bayesian mixing model that explicitly incorporates variability associated with consumers, prey sources, and trophic enrichment factors. This model uses Markov Chain Monte Carlo simulations to determine the probable contributions to diet of different prey sources (Parnell et al., 2010) . The SIAR model was run for both autumn and winter data using the trophic enrichments factors from Post (2002) . The model was run for 500 000 iterations, with a burn-in of 50 000. Finally, we repeated this SIAR model run with the small autumn fish removed (fish <55 g were removed as this was the weight of the smallest winter fish) to compare the diet of Chinook salmon from autumn and winter over a similar size range.
For the purpose of the SIAR mixing model, we assumed that the data from the stomach contents were comparable to the following categories: (i) fish identified in the stomach contents were represented by Pacific herring in the mixing model; (ii) decapods, amphipods, pterpods, and copepods in the stomach contents were represented by the small zooplankton size fraction; and (iii) euphausiids in the stomach contents were represented by large zooplankton in autumn and euphausiids in winter. Insects and other, which represented <10% of the autumn and winter stomach contents each, were not included in the SIAR mixing model.
Finally, we also re-ran the autumn and winter SIAR models using the stomach content data as informative priors to determine the robustness of results. The proportion of each prey category in stomach contents as outlined above (after removing the "insect" and "other" categories) was multiplied by 3 (the number of sources) to derive a scaled informative prior that would not overwhelm the data in the mixing model (Stock and Semmens, 2013) .
Results
Zooplankton stable isotopes
Small zooplankton collected in autumn were enriched in d 
Pacific herring isotopes
Similar to patterns in the zooplankton, Pacific herring were more enriched in d 
Juvenile Chinook salmon stomach contents
In autumn, stomach contents from 740 individual juvenile Chinook salmon taken in 27 tows were analysed. In winter, stomach contents from 304 individuals over 18 tows were identified. The average stomach content volume in autumn was 1.3 ml (n ¼ 27 tows), which was lower than the stomach content volume in winter (2.1 ml, n ¼ 18 tows). In autumn, 0.5% of the stomachs analysed fitted our operational definition of empty, while 2% were empty in winter. Identification of the stomach contents of juvenile Chinook salmon in winter revealed that the largest contribution by volume was from euphausiids, followed by fish, other, and amphipods (Figure 3 , Supplementary material Table   S1 ). This contrasts with autumn 2005, where the largest contribution was from amphipods, followed by euphausiids, fish, other, and decapods (Figure 3 , Supplementary material Table S1 ). An ANOSIM revealed statistically significant seasonal differences in stomach contents (r ¼ 0. 
Juvenile Chinook salmon isotopes
In autumn 2005, 40 juvenile Chinook salmon were sampled for isotopes from 21 different stations (Figure 1 ). These fish ranged from 27 to 144 g (Figure 2 ). d 15 N values averaged 13.5% (s.d. ¼ 1.3), with a range of 10.6-15.2% (Table 2) . d (Table 2) . C:N ratios for all salmon were <3.5, so these values were not lipidcorrected. d 13 C values ranged from À18.6 to À16.6% (mean ¼ À17.3% 6 0.6 s.d.).
In the isotopic d 15 N-d 13 C biplot, individual juvenile Chinook salmon fell within the area bounded by their prey items and their associated uncertainty in both autumn and winter (Figure 4) . Although some individual juvenile Chinook salmon were not encompassed in the triangle formed by the mean values, the uncertainty surrounding the estimates of prey isotopic variability and variability in discrimination value mean that these fish are still captured in associated uncertainty (Phillips et al., 2014) . The fish with low d 15 N values sampled in autumn are likely still turning over tissue from their freshwater-to-marine migration and associated diet shift . In autumn, the SIAR model indicated that small zooplankton made up the majority of prey, followed by Pacific herring and large zooplankton. In winter, Pacific herring had the highest contribution, followed by euphausiids and small zooplankton ( Figure 5 ). In winter, euphausiids had considerable uncertainty in the 50% credible interval or prey contribution to diet, possibly because of the overlap in mixing area with zooplankton ( Figure 5 ).The stable-isotope-mixing model indicated that fish prey comprised more of the diet than was indicated by stomach contents in both autumn and winter ( Figure 5 ).
Removing the small fish from the autumn SIAR model did not appreciably change model results (Supplementary material Figure S1 ). The model without the small fish had slightly more herring and less zooplankton than the model with the small fish. Regardless of the inclusion of these small fish, the autumn diet appeared distinct compared to the winter diet. Similarly, including the stomach content data as priors in the Bayesian mixing model decreased the credible intervals associated with prey categories, but did not appreciably change the results of the model fits (Supplementary material Figure S2 ).
Discussion
Here, we trace the seasonal variability in the diet of juvenile salmon over winter using multiple diet tracers. We show that juvenile Chinook salmon appear to have a distinct diet over winter when compared to autumn. We also show that the different dietary metrics offer slightly different, but complimentary information.
Stomach contents have shown that juvenile Chinook salmon are typically the most piscivorous of the Pacific salmon (Brodeur et al., 2007) and tend to rapidly shift their diet in the ocean to primarily fish (Brodeur, 1991; Daly et al., 2009) . However, we found that stomach contents of juvenile Chinook salmon off the WCVI indicated that prey items other than fish were more important both in autumn and winter. Indeed, a recent continental-scale comparison of juvenile Chinook salmon stomach contents showed that individuals caught off WCVI were less piscivorous than other regions in autumn (except for California) (Hertz et al., 2015a) , though the distribution of salmon in our study (generally in protected inlets) may also contribute to these differences (e.g. Brodeur et al., 2007) . These findings may suggest that there are fundamental regional differences in the distribution, size, or amount of fish prey available by region. However, to date, there has been little direct research on the prey field of juvenile Chinook salmon because capturing these prey items at relevant spatial and temporal scales has proven difficult (Brodeur et al., 2011) . Approaches such as acoustics (Hassrick et al., 2016) or winter ichthyoplankton sampling (Daly et al., 2013) have been used in other regions, but off the WCVI, there are little data to show trends in the prey field. Exploring the drivers and implications of these differences may contribute to understanding the processes affecting salmon growth and survival .
The large contribution of euphausiids to the winter diet of juvenile Chinook salmon is similar to the autumn diet of juvenile Chinook salmon off California (Wells et al., 2012) . Abundance of euphausiids during the early marine life of Chinook salmon off California has been linked with overall survival rates (Wells et al., 2012) . This indicates the potential implications that this prey resource could have at key life stages for Chinook salmon.
We observed relatively distinct diets between autumn and winter samples, and, as we expected, juvenile Chinook salmon were more piscivorous in winter than in autumn. This was not simply a size effect, because these results remained after removing the small fish from the autumn samples (Supplementary material Figure S1 ). While data are minimal at this point, the abundance, distribution, and size of prey appears to shift over winter. Over winter off the WCVI, there is little primary production to sustain zooplankton feeding, so many zooplankton species diapause during this time (Lee et al., 2006) . The abundance of euphausiids in oblique samples also appears to decline during winter off WCVI (Tanasichuk, 2002) . Therefore, juvenile Chinook salmon may simply be shifting their diet to reflect seasonally shifting prey availability. Interestingly, an opposite pattern is observed in the Bering Sea, with Chinook salmon there being more piscivorous in summer than in winter (Davis et al., 2009) . In winter, Chinook salmon in the Bering Sea feed largely on cephalopods (Davis et al., 2009) , possibly indicating the regional differences in prey fields between WCVI and the Bering Sea.
One additional consideration is that the contribution of piscivory to tissues may be underestimated in autumn using stable isotopes due to the long turnover time of muscle tissue (ca.1 month turnover time for dorsal muscle tissue: Heady and Moore, 2013) . That is, for many of the larger fish caught in autumn, their tissues may not have caught up to their diet shift to fish . Overwinter fasting is not expected to contribute to seasonal differences in stable isotope values since a 6-week laboratory experiment showed minimal effects of fasting on stable isotopes of muscle tissues for both d (Hertz et al., 2015b) , and average stomach content weight was actually higher in winter than in autumn.
Analysis of stomach contents and stable isotopes allowed a characterization of a short-term snapshot of diet at relatively high taxonomic resolution and an indication of longer-term assimilated diet. We found that the stable-isotope-mixing model gave a higher estimated proportion of fish in the diet than we observed in stomach contents. Notwithstanding possible uncertainties associated with discrimination factors or characterization of the variability in isotopes of prey resources, we hypothesize that this difference could also be due to a difference in assimilation efficiencies between prey items . Juvenile Chinook salmon may be assimilating a greater proportion of energy from the fish portion of diet than is evident from stomach contents (Chiaradia et al., 2014) . However, we note that many of the juvenile salmon fell outside of the mixing triangle formed by the means of the prey sources, and there was high uncertainty in the prey isotopic values and discrimination factors, suggesting more work is needed to better resolve stable isotope dynamics in this system.
There did not appear to be any size-based shifts in the d 15 N or d 13 C of juvenile Chinook salmon in winter (Figure 2 ). This contrasts with juvenile Chinook salmon in autumn, where these fish experience rapid ontogenetic shifts from feeding primarily on invertebrates to feeding primarily on fish (Hertz et al., 2015a . The lack of a relationship, however, could also be due to the relatively small sample size and small size range over which these fish were sampled (Galvan et al., 2010) .
The distribution of juvenile Chinook salmon in the water column is thought to shift over winter (Trudel and Tucker, 2013) , suggesting that the fish caught in our trawls (generally in the top 30 m) may not be representative of the entire population. This may especially be the case for the largest fish, which are generally distributed the deepest and are not very well represented in our samples (Figure 2 ). Due to sampling logistics, there was also somewhat of a disconnect between where the salmon were collected (mostly in inlets) and where the zooplankton and euphausiids were collected (mostly in coastal waters).
Winter remains a large unknown in the early marine life of salmon. Here, we provide an analysis into the overwinter feeding ecology of juvenile Chinook salmon. We show that the role that juvenile Chinook salmon plays in the foodweb during winter differs from other seasons. How these shifts in diet affect the foodweb and the bioenergetics of juvenile Chinook salmon themselves is unknown, but further research on processes affecting mortality over winter will allow a greater understanding of basic ecology and ability to manage this important species.
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